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Abstract 
System planning of energy resources management is an effective way for supporting socio-economic development 
and enhancing eco-environmental sustainability. In this study, an inexact coupled coal and power management model 
with ecological restoration and pollutants mitigation was developed to analyze the impacts of growing coal use and 
electricity production on eco-environmental quality by integrating a complete set of ecological and environmental 
constraints. The model can not only effectively handle the uncertainties and complexities of the coupled coal and 
power management systems, but can also facilitate a dynamic analysis of capacity expansion, facility installation, 
energy resource inventory, coal blending and environmental regulation changes within a multi-period and multi-
option context. The developed model was applied to a long-term coupled coal and power management system 
planning problem to support the regional eco-environmental sustainability in north China. The interval solutions 
associated with different risk levels of the constraint violations were obtained, which could be used to formulate 
decision alternative options. The results generated could also aid decision makers in identifying desirable strategies 
under various social-economic, environmental and system-reliability constraints with the highest system reliability 
and the lowest system cost and ecological environment impact. In addition, the tradeoffs between system costs and 
constraint-violation risks could also be tackled. 
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1. Introduction 
Fossil fuels play an important role in the survival and evolution of human society, but at the same time, 
cause serious damage to the local and global eco-environment. Heavy exploitation and utilization of coal 
and other fossil fuel resources for energy production not only destroy the eco-environment of the 
exploited areas (energy resource bases), but also contaminate the atmosphere at areas of energy 
consumption (terminals) [1]. The estimate area of wasteland produced in China by mining activities alone 
is approximately 20,000 ha per annum and is expected to exceed 33,000 ha in the near future [2]. In 
addition to these local considerations, the polluting emissions (CO2, SO2, N2O, fluorides, etc.) produced 
by fossil-fired power units pose a great threats to the eco-environment on a global scale by contributing to 
global warming [3]. In terms of the closed connection of coal mining, power industry, as well as their 
potentially detriments to the eco-environment, and integration of coupled coal mining and power 
production management (CCPM) combined with ecological restoration and pollutant mitigation (ERPM) 
in an economic and ecological-sustainable manner is imperative in China. However, multiple sectors and 
processes must be considered when planning such systems such as energy demand, pollutant emissions, 
sustainable production, transportation, waste-land restoration, as well as the associated environmental 
implications. Moreover, a great number of system parameters such as the properties of the coal, forecasts 
of power generation, efficiency of pollutant reduction, ecological measures for waste-land restoration, 
facility capacity, as well as the interactions among them may appear uncertain. These uncertainties are not 
only further complicated by the operations and interactions of multiple sectors and processes, but can also 
be affected by the associated economic and environmental effects, leading to a variety of complex 
considerations for the relevant decision-making processes [4-8]. Consequently, effective system analysis 
methods are desirable to aid the planning of coupled coal mining and power production systems 
combined with ecological restoration and mitigation management (CCPM/ERPM). 
 
Nomenclature 
 
ijkX
    amount of coal provided from the ith coal mine to the jth power plant in period k in order  
  (ton/day) 
ikvD
    ecological restoration area for the ith coal mine through the vth measure in period k  
  (m2/year) 
ikCF
    average production cost of allowable amount of coal from the ith coal mine in period k  
  (RMB/ton) 
ijkTF
    average transportation cost of allowable amounts of coal from the ith coal mine to the  
  jth power plant in period k (RMB/ton)  
kvCRE
   average restoration cost of the vth measure in period k (RMB/m2)  
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△Lk  duration of period k (day)  
jkOPP
   operation and maintenance cost of the jth power plant in period k (RMB/kWh)  
Mj   initial power generation capacity of the jth power plant at the beginning of the planning  
  horizon (kW)  
△Mjkw  the wth option of generation capacity expansion for the jth power plant in period k (kW)  
jkw
   binary variables of the wth generation capacity expansion option for the jth power  
  plant in period k 
jh
   average operating hours of the jth power plant (hour/day)  
jkOSP
   operating cost for desulfurization of the jth power plant in period k (RMB/kWh)  
Sρj   average existing desulfurization efficiency of the desulfurization facilities for the jth  
  power plant at the beginning of the planning horizon (%)  
△Sρjk  average improved desulfurization efficiency of desulfurization facilities for the  
  jth power plant in period k (%) 
jkZ
   binary variable for desulfurization facility installation or improvement to the jth power 
  plant in period k  
jkOCC
   operation and maintenance cost of CO2 mitigation measure in the jth power plant during  
  period k (RMB/ton)  
Cj  initial capacity of CO2 mitigation facility for the jth power plant at the beginning of the 
  planning horizon (ton/year) 
△Cjkl  the lth capacity expansion option of the CO2 mitigation facility in the jth power plant in  
  period k (ton/year)  
jklY
   binary variables of the lth capacity expansion option of the CO2 mitigation facility for  
  the jth power plant in period k  
jkPME
  capital cost for power generation capacity expansion of the jth power plant in period k  
  (RMB/kW) 
jkPMC
  capital cost for capacity expansion of the CO2 mitigation facility in the jth power plant  
  during period k (RMB/ton)  
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jkPMS
   capital cost per desulfurization efficiency for desulfurization facility installation or  
  improvement of the jth power plant in period k (RMB/kW) 
iSO
   unit of SO2 emission per unit of coal combusting from the ith coal mine  
kSOF
   environmental cost for sulfur dioxide emission in period k (RMB/Kg)  
kTP
    sustainable production limit for the ith coal mine during period k (ton/year) 
1ikRC
   limited restoration area for reclamation measure (105 m2/year) 
iEO
   negative ecological value of coal production in the ith coal mine (RMB/ton)  
v
   positive ecological value of ecological restoration through the vth measure (RMB/m2) 
ikTE
   ecological impact limit for the ith coal mine during period k (RMB/year) 
jkg
   average amount of exhaust vented by the jth power plant in period k (m3/kWh) 
SECjk   maximum allowable concentration of sulfur dioxide emissions for the jth power plant 
  in period k (mg/m3) 
iCO

  unit output of CO2 emissions per unit of coal after combustion from the ith coal mine 
jkCRE
   annual CO2 emissions credits allocated to the jth power plant in period k (ton) 
jkCIM
   coal inventory of the jth power plant at the end of period k (ton)  
minjkCIM
  minimum required coal-inventory of the jth power plant in period k (ton) 
jCIM
   coal inventory of the jth power plant at the beginning of the planning horizon (ton)  
jkq
    coal consumption rate for power generation of the jth power plant in period k (g/kWh) 
ikR
    transportation supply for distributing coal from the ith coal mine to power plants in  
  period k (ton/month)  
kTD
   power generation demand of the system during period k (kWh/month) 
MPC   maximum allowable investment of the whole planning horizon (RMB)  
μi   weight factor of coal low heating value from the ith coal mine for coal blending  
  systems‟ combustion process  
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iQ
    average low heating value of coal from the ith coal mine (MJ/kg) 
minjQ
   lower limit of coal low heating value for coal blending systems‟ combustion process of  
  the jth power plant (MJ/kg)  
i    weight factor of coal volatile matter content from the i
th coal mine for coal blending  
  systems‟ combustion process 
iV
   average volatile matter content of coal from the ith coal mine (%) 
minjV
    lower limit of coal volatile matter content for coal blending systems‟ combustion  
  process of the jth power plant (%) 
maxjV
    upper limit of coal volatile matter content for coal blending systems‟ combustion  
  process of the jth power plant (%) 
βi   weight factor of coal ash content from the ith coal mine for coal blending systems‟  
  combustion process  
iA
    average ash content of coal from the ith coal mine (%)  
minjA
    lower limit of coal ash content for coal blending systems‟ combustion process of the jth  
  power plant (%) 
maxjA
    upper limit of coal ash content for coal blending systems‟ combustion process of the jth  
  power plant (%)  
φi   weight factor of coal moisture content from the ith coal mine for coal blending systems‟  
  combustion process  
iMC
    average moisture content of coal from the ith coal mine (%)  
maxjMC
  upper limit of coal moisture content for coal blending systems‟ combustion process of  
  the jth power plant (%) 
δi   weight factor of coal sulfur content from the ith coal mine for coal blending systems‟  
  combustion process  
iS
    average sulfur content of coal from the ith coal mine (%) 
maxjS
   upper limit of coal sulfur content for coal blending systems‟ combustion process of  
  the jth power plant (%) 
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i   index for coal mine 
j   index for coal-fired power plant 
v   index for ecological restoration measure 
l   index for CO2 mitigation facility capacity expansion option 
w   index for generation capacity expansion option 
Note: „±‟denotes a set of interval numbers. 
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Many researchers have previously evaluated qualitatively the effects of energy activities on the eco-
environment and sustainable development, especially with regard to pollutant control and reduction [3, 9-
12]. The environmental damages caused by mining industries have also been studied widely [2, 13-16]. 
For instance, Tsilingiridis et al. examined the effect of air pollutant emission reduction by using 
renewable energy sources for power generation in Cyprus [3]. Liu et al. used an energy technology model 
(i.e., MESSAGE-China) to analyze the effects of major updated power generation technologies and their 
contributions to Green House Gas (GHG) mitigation in China [9]. Li and Colombier analyzed the energy 
efficiency of buildings in China to support climate change mitigation and policy formulation regarding 
the promotion of low-carbon construction technologies [10]. Tzimas et al. investigated the impact of 
carbon dioxide capture from fossil fuel power plants on the emissions of acid gas pollutants [11]. 
Edwards et al. developed multiple models to predict the emission of air pollutants and analyze the 
contribution of residential fuel/stove use in China to global CO2 emissions [12]. Wang et al. examined 
eco-service enhancement in a peri-urban area of the coal mining city Huaibei in East China [13]. Chu et al. 
conducted comparative analysis of the ecological rucksack between open-pit and underground coal mines 
[14]. Li completed a review of the research and practice of the ecological restoration of metalliferous 
mine wasteland in China [15]. Bian et al. put forward a framework for solving the environmental 
problems associated with coal mining and introduced two energy efficient ways to reconstruct a farmer‟s 
houses in China [16]. Miao and Marrs proposed principles and approaches for ecological restoration and 
land reclamation in open-cast mines in Shanxi Province, China [2]. Meanwhile, a great number of system 
analysis techniques have been proposed for energy management [17-21]. Specifically, much research has 
focused on China‟s energy management systems under multiple scales, particularly those that were highly 
reliant on coal for power generation. For instance, Zhang and Kumar evaluated a renewable energy-based 
rural electrification program in western China [21]. Zhao and Ortolano analyzed the effect of 
implementing China‟s national energy conservation policies at state-owned electric power generation 
plants [22]. Dianshu et al. investigated the obstacles for improving energy efficiency in the residential 
sector in Liaoning, China and explored environmental-friendly patterns of household electricity 
consumption [23]. Du et al. assessed the impact of a set of regulatory policies on China‟s electricity 
generation industry using the plant-level national survey data collected in 1995 and 2004 [24]. Steenhof 
and Fulton developed a framework to analyze the factors affecting electricity generation in China and 
predicted the sector‟s future development [25]. Although these studies were effective in addressing either 
the environment deterioration caused by mining and power generation activities or the power/energy 
management problems, most of them hardly made a link between the management efforts that were 
inherent among coal exploration, power generation, ecological restoration for energy resource bases and 
pollutant reduction of energy terminals, or their socio-economic and eco-environmental implications in a 
multi-sector, multi-option and multi-period context. Moreover, these studies could scarcely handle the 
uncertainties associated with the spatial and/or temporal variations of system factors and dynamics. 
Conventionally, a large number of inexact programming methods have been used to successfully 
address the multiple complexities and uncertainties in environment systems for managing municipal solid 
waste, water resources, air quality as well as energy allocation [26-39]. However, few of them focused on 
uncertainties associated with energy management [4, 28]. In this research, based on integration of interval 
linear programming (ILP) and mixed integer linear programming (MILP), the inexact mix-integer linear 
programming model for CCPM/PMER systems not only allows an extension approach to better tackle 
uncertainties with interval values, but has the primary advantage of flexibly formulating a modeling 
framework that enhances the robustness of the optimization process [32, 40]. Moreover, such a model can 
also reflect and deal with the energy-related issues of wasteland restoration and pollutant mitigation that 
involve uncertainties, dynamics aspects, policy analysis, as well as spatial and/or temporal variations 
474  Y. Liu et al. / Procedia Environmental Sciences 13 (2012) 467 – 497
474 Y. Liu et al./ Procedia Environmental Sciences 8(2011) 467–497 
 
during the planning of CCPM/PMER systems [33, 35]. In addition, there have been no previous reports 
on the applications of such methods for planning land restoration problems for coal mining in coupled 
coal and power systems management associated with pollutants mitigation issue.  
The objective of this study was to develop an inexact mix-integer linear programming model for the 
planning of CCPM/PMER system under uncertainty. It was formulated through the integration of both 
ILP and MILP approaches into a general modeling framework that incorporated into CCPM the problems 
associated with PMER Multiple forms of uncertainty in terms of discrete interval values were addressed 
to generate desirable strategies for coal allocation, wasteland restoration and pollutants mitigation of a 
CCPM system. The model was then applied to a semi-hypothetical case of a long-term CCPM/PMER 
system in north China to aid the planning of regional eco-environmental sustainability. In detail, the aim 
of this study were to (a) develop an inexact model to incorporate and deal with multiple forms of 
uncertainties and their interactions in a CCPM/PMER system, (b) facilitate a dynamic analysis of 
sustainable production, facility improvement and expansion, as well as coal blending, within a multi-
period and multi-option context, and (c) generate a number of decision alternatives under different system 
conditions to help decision makers identify a desirable and ecological-sustainable energy strategy for coal 
mining and power generation under various social-economic, ecological, environmental and system-
reliability constraints with the lowest system cost, and the highest system reliability and power-generation 
demand security. 
CO2 emission
permits
CO2 emissions
Power
generation
Decision maker Social-economy
factors
Energy policy
Ecological impacts
Dynamic planning
Uncertainties
identification
Information flows Material flows
CO2 mitigation
Power
generation
Transportation
Coal mine
Coal
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Desulphurization
facilities
SO2
emissions
Ecological
restoration
 
Fig. 1. The study system 
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2. Modeling formulation 
A CCPM system based on a large-scale network has complex interactions with energy security, eco-
environment sustainability and pollutants mitigation (Fig. 1). In this system, a large number of sectors and 
processes must be considered by decision makers, such as power demand, coal allocation, ecological 
restoration, transportation, coal blending, inventory problems, SO2 and CO2 emission control and so on. 
Uncertainties may also exist in these sectors and processes, as well as various system parameters. As the 
principal raw energy suppliers in China, the coal mining industry has been increasing its output to meet 
the ever-growing energy demand [41]. However, the by-products of mining activities have led to an 
increasing amount of degraded land. In the light of such an awkward dilemma, a series of land restoration 
technologies and measures have been implemented at coal mines sites in China [2]. One of the most 
widely used and practical restoration measures is land reclamation. Although reclaimed mined land can 
support a variety of uses, the most common applications in China are agriculture and forestry [2]. 
Therefore these two ecological restoration measures for coal mine sites, reclamation to cultivated land 
and reclamation to forest land, should be incorporated into the study system. Meanwhile the pollutants 
mitigation aims of this system focus on CO2 and SO2 emission reduction. As a result of CO2 emission 
permits, CO2 emissions mitigation facilities and desulfurization facilities can be considered the most 
feasible measures to control the emitted CO2 and SO2; and as such have also been incorporated into the 
system [42]. However since the potential power-generation demand is not static and increases with 
population growth and economic development, several options for expansion capacity of power plants 
and pollutant mitigation with must be considered during the planning process. Meanwhile, in order to 
avoid the risk of coal and power shortages, a certain amount of coal needs to be kept in reserve as a coal 
inventory at the power plants. The coal inventory is subject to dynamic changes in response to system 
conditions, which also results in competition between multiple coal-supply options with diverse costs and 
resources availabilities. Coal blending facilities have therefore been employed to balance the variation of 
coal properties from multiple sources [43]. Since most coefficients of cost and benefit are inexact and can 
be expressed as interval numbers, interval linear programming (ILP) is considered a useful tool to deal 
such uncertainties [32]. MILP which can effectively facilitate capacity expansion plans was also 
integrated into the proposed planning framework [33, 35]. The objective of this model was to minimize 
the net system cost associated with optimal coal-flow allocations, eco-environment protection and 
pollutant mitigation schemes. In detail, the objective function and constraints can be formulated as 
follows:  
 
(a) costs of coal production and transportation 
k
1 1 1
( )
I J K
ijk ik ijk
i j k
X CF TF L  
  
     (1a) 
(b) ecological restoration costs for coal mines  
1 1 1
I K V
kv ikv k
i k v
CER D L 
  
      (1b) 
(c) operating costs of power generation units 
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'
1 1
1 1
( )
J K
k W
jk j jkw jkw j kk w
j k
OPP M M h L  
 
 
        (1c) 
(d) operating costs of desulfurization facilities 
' '
1 1 1
1 1
( ) ( )
J K
k W k
jk j jkw jkw j jk jk j kk w k
j k
OSP M M S S Z h L     
  
 
             (1d) 
(e) operating costs of CO2 mitigation facilities 
'
1 1
1 1
( )
J K
k L
jk j jkl jkl kk l
j k
OCC C C Y L 
 
 
       (1e) 
(f) capital costs for capacity expansion of power-generation  
1
1 1
J K W
jk jkw jkww
j k
PME M  

 
     (1f) 
(g) capital costs for facility improvement for desulfurization and CO2 mitigation  
'
1 1 1
1 1
[ ( ) ]
J K L k W
jk jkl jkl jk j jkw jkw jk jkl k w
j k
PMC C Y PMS M M S Z     
  
 
           (1g) 
(h) environmental costs for SO2 control 
'3
1
1 1 1
10 (1 )(1 )
I J K k
ijk i k j jk jk kk
i j k
X SO SOF S S Z L    

  
         (1h) 
 
The constraints are listed as follows: 
(i) sustainable production constraint 
1
365 ,
J
ijk ik
j
X TP 

  ,i k   (1i) 
(j) ecological impacts constraint 
1 1
365 ,
J V
ijk i v ikv ik
j v
X EO D TE    
 
     ,i k  (1j) 
(k) restoration area limit constraint 
1 1,ik ikD RC
  ,i k   (1k) 
(l) SO2 emission constraint 
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'9
1 1
'
1 1
[ 10 (1 )(1 )]
,
( )
I k
ijk i j jk jki k
jkk W
j jkw jkw jk jk w
X SO S S Z
SEC
M M g h
 

  
 
  
 
    

   
 
 
,j k  (1l) 
1
1,
K
jk
k
Z 

 j   (1m) 
(m) CO2 emission constraint 
'
1 1
1
365 ( ) ,
I
L k
ijk i j jkl jkl jkl k
i
X CO C C Y CRE   
 

        ,j k  (1n) 
1 1
1,
K L
jkl
k l
Y 
 
 j   (1o) 
(n) coal inventory requirement constraint 
min ,jk jkCIM CIM
  ,j k   (1p) 
1k   1 ,jk jCIM CIM
 
  j   (1q) 
 
' 6
1 1 1 1
[ ( ) ( 10 ) ] ,I k Wjk jk ijk j jkw jkw jk j ki k wCIM CIM X M M q h L
    
   
         
,j k   (1r) 
(o) transportation supply constraint 
1
30,
J
ijk ik
j
X R 

 ,i k   (1s) 
(p) power-generation capacity constraint 
' 6
1 1
1
( ) ( 10 ) ,
I
k W
ijk j jkw jkw jk jk w
i
X M M q h   
 

       ,j k  (1t) 
'
1 1
1
( ) ,
J k W
j jkw jkw kk w
j
M M TD  
 

     k  (1u) 
1 1
1,
K W
jkw
k w
 
 
 j   (1v) 
(q) capital budget constraint 
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1 1
1 1
[
J K
W L
jk jkw jkw jk jkl jklw l
j k
PME M PMC C Y   
 
 
        
'
1 1
( ) ]k Wjk j jkw jkw jk jkk wPMS M M S Z MPC 
   
 
        (1w) 
(r) low heating value constraint for the coal blending systems 
min
1 1
,
I I
i i ijk j ijk
i i
Q X Q X    
 
  ,j k   (1x) 
(s) volatile matter content constraint for the coal blending systems 
min
1 1
,
I I
i i ijk j ijk
i i
V X V X    
 
  ,j k   (1y) 
max
1 1
,
I I
i i ijk j ijk
i i
V X V X    
 
  ,j k   (1z) 
(t) ash content constraint for the coal blending systems 
min
1 1
,
I I
i i ijk j ijk
i i
A X A X    
 
  ,j k   (1aa) 
 
max
1 1
,
I I
i i ijk j ijk
i i
A X A X    
 
  ,j k   (1ab) 
(u) moisture content constraint for the coal blending systems 
max
1 1
,
I I
i i ijk j ijk
i i
MC X MC X    
 
  ,j k   (1ac) 
(v) sulfur content constraint for coal blending systems 
max
1 1
,
I I
i i ijk j ijk
i i
S X S X    
 
  ,j k   (1ad) 
(w) binary constraint 
 = 0, 1 ,jkw
 , ,j k w   (1ae) 
 = 0, 1 ,jkZ
 ,j k   (1af) 
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 = 0, 1 ,jklY
 , ,j k l   (1ag) 
 
(x) non-negativity and technical constraint 
0,ijkX
  , ,i j k   (1ah) 
0,ikvD
  , ,j k v   (1ai) 
 
An inexact mix-integer linear programming model based on the ILP and MILP approaches for CCPM 
with PMER issues has been formulated into the above model (1). Inexact uncertainties that exist in the 
decision making process can be effectively addressed in this model. According to the solution algorithm 
developed by Huang et al., the model (1) can be divided into two deterministic sub-models, 
corresponding to the lower and upper bounds of the objective-function value [7, 34, 36]. The coefficients 
(both in the objective function and constraints) in their limits of the intervals can all be considered and 
reflected in the two sub-models regarding their lower and upper bounds of the intervals. Solutions are 
generated through this two-step method which represents the most optimistic and pessimistic solution sets. 
A sub-model corresponding to f－ (when the objective function is to be minimized) is formulated first, and 
then the relevant sub-model corresponding to f＋ can be formulated based on the solution of the first sub-
model. The two sub-models are presented as follows:  
 
(a) sub-model 1, 
 
k
1 1 1
( )
I J K
ijk ik ijk
i j k
Minmize f X CF TF L   
  
     
1 1 1
I K V
kv ikv k
i k v
CER D L 
  
    
'
1 1
1 1
( )
J K k W
jk j jkw jkw j kk w
j k
OPP M M h L  
 
 
         
' '
1 1 1
1 1
( ) ( )
J K k W k
jk j jkw jkw j jk jk j kk w k
j k
OSP M M S S Z h L      
  
 
             
'
1 1 1
1 1
[ ( ) ]
J K k L W
jk j jkl jkl k jk jkw jkwk l w
j k
OCC C C Y L PME M    
  
 
            
'
1 1 1
1 1
[ ( ) ]
J K L k W
jk jkl jkl jk j jkw jkw jk jkl k w
j k
PMC C Y PMS M M S Z     
  
 
            
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'3
1
1 1 1
10 (1 )(1 )
I J K
k
ijk i k j jk jk kk
i j k
X SO SOF S S Z L    

  
           (2a) 
 
Subject to: 
 
1
365 ,
J
ijk ik
j
X TP 

  ,i k   (2b) 
+
1 1
365 ,
J V
ijk i v ikv ik
j v
X EO D TE   
 
     ,i k  (2c) 
1 1,ik ikD RC
  ,i k   (2d) 
'9
1 1
[ 10 (1 )(1 )]I kijk i j jk jki kX SO S S Z 
  
 
       
'
1 1
( ) ,k Wjk j jkw jkw jk jk wSEC M M g h
  
 
       ,j k  (2e) 
1
1,
K
jk
k
Z 

 j   (2f) 
 
'
1 1
1
365 ,
I
L k
ijk i jk j jkl jkll k
i
X CO CRE C C Y   
 

        ,j k  (2g) 
1 1
1,
K L
jkl
k l
Y 
 
 j   (2h) 
1k   1 ,jk jCIM CIM
 
  j   (2i) 
' 6
min 11 1 1
( ) ( 10 ) ,I k Wijk k jk jk j jkw jkw jk j ki k wX L CIM CIM M M q h L
     
  
          
,j k   (2j) 
1
30,
J
ijk ik
j
X R 

 ,i k   (2k) 
' 6
1 1
1
( ) ( 10 ) ,
I
k W
ijk j jkw jkw jk jk w
i
X M M q h   
 

       ,j k  (2l) 
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'
1 1
1
( ) ,
J k W
j jkw jkw kk w
j
M M TD  
 

     k  (2m) 
1 1
1,
K W
jkw
k w
 
 
 j   (2n) 
1 1
1 1
[
J K W L
jk jkw jkw jk jkl jklw l
j k
PME M PMC C Y   
 
 
        
'
1 1
( ) ]k Wjk j jkw jkw jk jkk wPMS M M S Z MPC 
   
 
        (2o) 
 min min
1
0,
I
ij ij ijk
i
Q Sign Q X

 

 ,j k   (2p) 
min min ,ij i i jQ Q Q
    , ,i j k   (2q) 
 min min
1
0,
I
ij ij ijk
i
V Sign V X

 

 ,j k   (2r) 
min min ,ij i i jV V V
    , ,i j k   (2s) 
 max max
1
0,
I
ij ij ijk
i
V Sign V X

 

 ,j k   (2t) 
 
max max ,ij i i jV V V
    , ,i j k   (2u) 
 min min
1
0,
I
ij ij ijk
i
A Sign A X

 

 ,j k   (2v) 
min min ,ij i i jA A A
    , ,i j k   (2w) 
 max max
1
0,
I
ij j ijk
i
A Sign A X

 

 ,j k   (2x) 
max max ,ij i i jA A A
    , ,i j k   (2y) 
 max max
1
0,
I
ij ij ijk
i
M Sign M X

 

 ,j k   (2z) 
max max ,ij i i jM M M
    , ,i j k   (2aa) 
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 max max
1
0,
I
ij ij ijk
i
S Sign S X

 

 ,j k   (2ab) 
max max ,ij i i jS S S
    , ,i j k   (2ac) 
 = 0, 1 ,jkw
 , ,j k w   (2ad) 
 = 0, 1 ,jkZ
 ,j k   (2ae) 
 = 0, 1 ,jklY
 , ,j k l   (2af) 
0,ijkX
  , ,i j k   (2ag) 
0,ikvD
  , ,i k v   (2ah) 
 
Using sub-model 1 (model (2)), solutions of optf
 , ( )ijk optX
 , ( )ikv optD
 , ( )jkw opt
 , ( )jk optZ
 , 
( )jkl optY
 can be obtained. Thus, the sub-model corresponding to f＋  can be formulated as follows 
(assuming that f－ > 0): 
 
(b) sub-model 2, 
 
k
1 1 1
( )
I J K
ijk ik ijk
i j k
Minmize f X CF TF L   
  
     
1 1 1
I K V
kv ikv k
i k v
CER D L 
  
    
'
1 1
1 1
( )
J K k W
jk j jkw jkw j kk w
j k
OPP M M h L  
 
 
         
' '
1 1 1
1 1
( ) ( )
J K k W k
jk j jkw jkw j jk jk j kk w k
j k
OSP M M S S Z h L      
  
 
             
'
1 1 1
1 1
[ ( ) ]
J K k L W
jk j jkl jkl k jk jkw jkwk l w
j k
OCC C C Y L PME M    
  
 
            
'
1 1 1
1 1
[ ( ) ]
J K L k W
jk jkl jkl jk j jkw jkw jk jkl k w
j k
PMC C Y PMS M M S Z     
  
 
            
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'3
1
1 1 1
10 (1 )(1 )
I J K
k
ijk i k j jk jk kk
i j k
X SO SOF S S Z L    

  
          (3a) 
1
365 ,
J
ijk ik
j
X TP 

  ,i k   (3b) 
1 1
365 ,
J V
ijk i v ikv ik
j v
X EO D TE    
 
     ,i k   (3c) 
1 1,ik ikD RC
  ,i k   (3d) 
'9
1 1
[ 10 (1 )(1 )]I kijk i j jk jki kX SO S S Z 
  
 
       
'
1 1
( ) ,k Wjk j jkw jkw jk jk wSEC M M g h
  
 
       ,j k  (3e) 
1
1,
K
jk
k
Z 

 j   (3f) 
'
1 1
1
365 ,
I
L k
ijk i jk j jkl jkll k
i
X CO CRE C C Y   
 

        ,j k  (3g) 
1 1
1,
K L
jkl
k l
Y 
 
 j   (3h) 
1k   1 ,jk jCIM CIM
 
  j   (3i) 
 
' 6
min 11 1 1
( ) ( 10 ) ,I k Wijk k jk jk j jkw jkw jk j ki k wX L CIM CIM M M q h L
     
  
          
  (3j) 
1
30,
J
ijk ik
j
X R 

 ,j k   (3k) 
' 6
1 1
1
( ) ( 10 ) ,
I
k W
ijk j jkw jkw jk jk w
i
X M M q h   
 

       ,j k  (3l) 
'
1 1
1
( ) ,
J k W
j jkw jkw kk w
j
M M TD  
 

     k  (3m) 
1 1
1,
K W
jkw
k w
 
 
 j   (3n) 
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1 1
1 1
[
J K
W L
jk jkw jkw jk jkl jklw l
j k
PME M PMC C Y   
 
 
        
'
1 1
( ) ]k Wjk j jkw jkw jk jkk wPMS M M S Z MPC 
   
 
        (3o) 
 min min
1
0,
I
ij ij ijk
i
Q Sign Q X

 

 , ,j k h   (3p) 
min min ,ij i i jQ Q Q
    , ,i j k   (3q) 
 min min
1
0,
I
ij ij ijk
i
V Sign V X

 

 , ,j k h   (3r) 
min min ,ij i i jV V V
    , ,i j k   (3s) 
 max max
1
0,
I
ij ij ijk
i
V Sign V X

 

 , ,j k h   (3t) 
max max ,ij i i jV V V
    , ,i j k   (3u) 
 min min
1
0,
I
ij ij ijk
i
A Sign A X

 

 , ,j k h   (3v) 
min min ,ij i i jA A A
    , ,i j k   (3w) 
 
 max max
1
0,
I
ij j ijk
i
A Sign A X

 

 , ,j k h   (3x) 
max max ,ij i i jA A A
    , ,i j k   (3y) 
 max max
1
0,
I
ij ij ijk
i
MC Sign MC X

 

 , ,j k h  (3z) 
max max ,ij i i jMC MC MC
    , ,i j k   (3aa) 
 max max
1
0,
I
ij ij ijk
i
S Sign S X

 

 , ,j k h   (3ab) 
max max ,ij i i jS S S
    , ,i j k   (3ac) 
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 = 0, 1 ,jkw
 , ,j k w   (3ad) 
 = 0, 1 ,jkZ
 ,j k   (3ae) 
 = 0, 1 ,jklY
 , ,j k l   (3af) 
( ) 0,ijk ijk optX X
   , ,i j k   (3ag) 
( ) 0,jkv jkv optD D
   , ,i k v   (3ah) 
1 ( ) 0,jkw jkw opt 
    , ,j k w   (3ai) 
1 ( ) 0,jk jk optZ Z
    ,j k   (3aj) 
1 ( ) 0,jkl jkl optY Y
    , ,j k w   (3ak) 
optf f
    (3al) 
 
Hence, solutions of optf
 , ( )ijk optX
 , ( )ikv optD
 , ( )jkw opt
 , ( )jk optZ
  and ( )jkl optY
  can be obtained 
through solving sub-model 2 (model (3)). Thus, we derive the final solution of ,opt opt optf f f
      , 
( ) ( ) , ( )ijk opt ijk opt ijk optX X X
      , ( ) ( ) , ( )ikv opt ikv opt ikv optD D D
      , 
( ) ( ) , ( )jkw opt jkw opt jkw opt  
      , ( ) ( ) , ( )jk opt jk opt jk optZ Z Z
       and 
( ) ( ) , ( )jkl opt jkl opt jkl optY Y Y
      . 
3. Case study 
A semi-hypothetical case was introduced to examine the applicability of the developed ICCPM/PMER 
model. Three typical large power plants and three coal mines in a long-distance coupled coal and power 
network were considered. In order to reduce the adverse impact of energy activities on environment two 
ecological restoration measures for repair waste-land at coal mine sites, reclamation to cultivated land and 
reclamation to forest land, were incorporated into the system in addition to the CO2 emission permits and 
corresponding decarburization and desulfurization facilities of the power plants. The planning horizon of 
the analysis was 15 years (from 2011 to 2025), which was divided into three 5-year periods. Table 1 
shows the coal property parameters of each mine and the performance requirements of the power plants. 
Table 2 shows the production and transportation cost for the coal mines. Table 3 presents the parameters 
related to sustainable production and ecological restoration of the coal mines. Table 4 presents some basic 
parameters of the power plants, such as capital cost of power-generation capacity expansion and 
decarburization facility improvement in each period, power-generation capacity expansion and CO2 
mitigation facility improvement options, initial power generation capacity and the coal inventory, 
operation and maintenance cost, maximum allowable investment over the whole planning horizon and so 
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on. The installed power-generation capacity demands for the system were 0.88   108 kW, 1.00   108 
kW and 1.20   108 kW over the three periods, respectively. The maximum allowable investment for 
facility improvement within the system was set to [26, 28] × 109 RMB over the entire planning horizon; 
while, the maximum allowable concentrations of sulfur dioxide emissions from the thermal power boilers 
were formulated according to the China Power Plant Air Pollution Emission Standards (GB3223-2003). 
The power-generation capacity expansion, CO2 mitigation facility expansion, and desulfurization facility 
improvements for each power plant were limited to only one time period within the planning horizon. 
Several assumptions were applicable to this investigation including (a) the limited area for the ecological 
restoration, (b) the power generation capacity expansion and decarburization facility expansion of each 
power plant which were limited to only one time period within the planning horizon, (c) fixed efficiencies 
for decarburization and desulfurization were adopted over the whole planning horizon, which was 
estimated to be 1, (d) the coal properties which were standardized during the entire planning horizon, and 
(e) the CO2 emission permit market that were not present in the system and, hence could not be 
exchanged and reallocated. 
Table 1. Coal properties of the mines and performance requirements of the power plants 
Mine 
Coal propertiesa 
Q (MJ/Kg) V (%) A (%) MC (%) S (%) SO (%) CO (%) 
i = 1 [25.12, 25.42] [35.11, 35.62] [18.02, 18.68] [7.65, 8.31] [0.85, 1.10] [1.71, 2.09] [1.33, 1.40] 
i = 2 [23.91, 24.25] [29.98, 31.49] [7.77, 8.26] [11.56, 12.04] [0.40, 0.60] [0.80, 1.02] [1.75, 1.84] 
i = 3 [24.49, 24.90] [30.02, 31.53] [19.68, 20.46] [1.06, 1.58] [0.70, 0.80] [1.02, 1.26] [1.68, 1.78] 
Power plant 
Performance requirements 
Qmin (MJ/Kg) Vmax (%) Vmin (%) Amax (%) Amin (%) MCmax (%) Smax (%) 
j = 1 [24.5, 25] [37, 38] [30, 32] [17, 18] [11, 12] [10, 11] [0.7, 0.90] 
j = 2 [24.5, 25] [37, 38] [30, 32.5] [19, 20] [12, 13] [9, 10] [0.7, 0.95] 
j = 3 [24.5, 25] [35, 36] [30, 33] [17, 18] [12, 13] [9, 10] [0.7, 0.95] 
Table 2. Production and transportation cost for coal mines 
 
a In this table, the symbol “Q” denotes the average low heating value of coal; symbol “V” the average volatile matter content of 
coal; symbol “A” the average ash content of coal; symbol “MC” the average moisture content of coal; symbol “S” the average sulfur 
content of coal; symbol “SO” the unit output of SO2 emission per unit of coal after combustion; symbol “CO” the unit output of CO2 
emissions per unit of coal after combustion; symbol “Qmin” the lower limit of coal low heating value for coal blending systems‟ 
combustion process of power plant; symbol “Vmax” the upper limit of coal volatile matter content for coal blending systems‟ 
combustion process of power plant; symbol “Vmin” the lower limit of coal volatile matter content for coal blending systems‟ 
combustion process of power plant; symbol “Amax” the upper limit of coal ash content for coal blending systems‟ combustion 
process of power plant; symbol “Amin” the lower limit of coal ash content for coal blending systems‟ combustion process of power 
plant; symbol “MCmax” the upper limit of coal moisture content for coal blending systems‟ combustion process of power plant; and 
symbol “Smax” the upper limit of coal sulfur content for coal blending systems‟ combustion process of power plant. 
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Mine Power plant 
Period 
k = 1 k = 2 k = 3 
Transportation cost (RMB/ton) 
i = 1 j = 1 [95, 98] [102, 105] [108, 111] 
i = 1 j = 2 [103.19, 105.47] [110.23, 113.34] [116.84, 119.82] 
i = 1 j = 3 [163.12, 166.94] [170.68, 172.99] [176.36, 178.32] 
i = 2 j = 1 [146.37, 149.21] [152.47, 158.36] [159.15, 162.28] 
i = 2 j = 2 [161.56, 163.78] [168.79, 171.08] [174.31, 124.17] 
i = 2 j = 3 [107.49, 111.15] [115.21, 117.68] [121.76, 178.32] 
i = 3 j = 1 [13.79, 15.42] [20.44, 22.98] [25.93, 29.52] 
i = 3 j = 2 [3.17, 6.01] [9.05, 11.94] [13.87, 15.76] 
i = 3 j = 3 [2.08, 4.87] [7.97, 10.45] [11.24, 14.16] 
Production cost (RMB/ton) 
i = 1  [250, 260] [300, 310] [360, 365] 
i = 2  [280, 290] [350, 365] [415, 430] 
i = 3  [395, 410] [440, 455] [495, 515] 
 
Table 3. Parameters related to ecological restoration 
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Parameters 
Measure 
v = 1 v = 2 
Restoration cost of the vth measure (RMB/m2) 
k = 1 [1.7, 1.8] [2.1, 2.2] 
k = 2 [1.5, 1.6] [1.9, 2.0] 
k = 3 [1.3, 1.4] [1.7, 1.8] 
Positive ecological value of ecological restoration through the vth measure (RMB/m2) 
 [65, 68] [73, 76] 
Parameters 
 Coal mines 
i = 1 i = 2 i = 3 
Negative ecological value of coal production (RMB/ton) 
 [39, 41] [41.5, 43] [43, 48] 
Limited restoration area for reclamation measure (105 m2/year) 
k = 1 [60, 63] [15, 15.5] [18, 20] 
k = 2 [80, 85] [30, 31] [40, 43] 
k = 3 [100, 107] [50, 51.5] [120, 128] 
Sustainable production limit for coal mine (105 ton/year) 
k = 1 [62, 64] [51, 53] [33, 35] 
k = 2 [66, 68] [56, 58] [38, 40] 
k = 3 [70, 72] [63, 65] [45, 47] 
Table 4. Parameters of the power plants 
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Parameters 
Power plant 
j = 1 j = 2 j = 3 
Average venting exhaust emissions (m3/kWh) [4.40, 5.60] [5.23, 7.41] [3.38, 4.80] 
Coal consumption rate for power generation (g/kWh) [310, 320] [325, 335] [300, 310] 
Initial power generation capacity (kW) 850000 385000 2540000 
Initial desulfurization efficiency (%) 20 20 20 
Initial CO2 mitigation capacity (105 ton/year) [20, 23] [80, 82] [70, 73] 
Initial coal inventory (ton) [32030, 39168] [20054, 34823] [110000, 125000] 
Operating cost of power plant (RMB/kWh) [0.19, 0.22] [0.23, 0.26] [0.15, 0.18] 
Operating cost of desulfurization facility (per 
desulfurization efficiency) (10-2 RMB/kWh) 
[0.93, 1.05] [0.91, 1.02] [0.95, 1.08] 
Operating hours (hour/day) [16, 18] [16, 18] [18, 20] 
Operating cost for carbon mitigation facility (RMB/ton)ton [229, 232] [238, 241] [224, 227] 
Annual allocated permits for CO2 emissions (105 ton/year) [23, 25] [10, 12] [28, 30] 
Capital cost of CO2 mitigation facility installation/expansion (RMB/ton) 
k = 1 [1290, 1303] [1240, 1253] [1180, 1195] 
k = 2 [1239, 1245] [1200, 1207] [1137, 1144] 
k = 3 [1168, 1180] [1133, 1140] [1092, 1100] 
Capital cost of power-generation capacity expansion (kW/ton) 
k = 1 [4964, 4972] [4562, 4569] [4785, 4792] 
k = 2 [4172, 4179] [4334, 4342] [4245, 4253] 
k = 3 [3833, 3840] [3584, 3591] [3303, 3311] 
Capital cost of desulfurization facility improvement (per desulfurization efficiency) (RMB/kW) 
k =1 [3.52, 3.56] [3.34, 3.37] [3.11, 3.14] 
k =2 [3.41, 3.45] [3.20, 3.24] [3.05, 3.08] 
k =3 [3.29, 3.33] [3.15, 3.18] [2.98, 2.98] 
CO2 mitigation facility expansion options (105 ton/year) 
l = 1  10 20 13 
l = 2  15 25 20 
l = 3  20 30 28 
Power-generation capacity expansion options (105 kW) 
w = 1 6 9 10 
w = 2 9 12 14 
w = 3 12 15 16 
 
Table 5 shows the results of the binary decision variables for the CO2 mitigation facility expansion, 
power generation capacity expansion and the desulfurization facility improvement. In terms of annual 
allocated CO2 emission permits for the power plants, the CO2 mitigation facilities might require 
expanding during the planning horizon. However the model predicts that power plant 1, would require no 
CO2 mitigation facilities expansion over the whole planning period but that power plant 2 would need to 
be expanded relative to a pessimistic or optimistic scenario (the optimistic scenario meant that the upper 
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level of CO2 emission permit was allocated to the power plant, and the pessimistic scenario was when the 
lower level of CO2 permit was allocated). The detailed figures for power plant 2 show the expansion 
capacity at the beginning of period one would be either 20   105 tons/year (i.e., 211( )optY
 = [1, 0]) in the 
optimistic scenario or 25   105 tons/year (i.e., 212( )optY
 = [0, 1]) in the pessimistic one. The situation for 
power plant 3 was similar with expansion required at the beginning of period 3 either to 13   105 
tons/year (i.e., 331( )optY
 = [1, 0]) in the optimistic scenario or 20   105 tons/year (i.e., 332( )optY
 = [0, 1]) 
in the pessimistic one. The optimized expansion schemes for CO2 mitigation facilities in this system were 
therefore quite different for the three power plants. This result occurs because the CO2 emission permits 
and existing CO2 mitigation capacity of power plant 1 already satisfied the CO2 emission constraint, and 
no further expansion would be required. However, the increased power generation demand and 
corresponding CO2 emission of power plants 2 and 3 would mean that they exceeded their allocated CO2 
permits and existing CO2 mitigation capacity and thus a program of expansion would be required.   
Compared with the optimized expansion strategies of CO2 mitigation facilities, the optimal expansion 
strategies for power-generation capacity were not so complicated. According to the changing power 
generation demand of this system over the planning horizon, the power generation capacity of power 
plant 1 would need to be expanded at the start of period 2 with the incremental capacity option 1 of 6   
105 kW (i.e., 121( )opt
 = [1, 1]); power plant 2 would expand generation capacity by 9   105 kW (i.e., 
211( )opt
 = [1, 1]) before period 1; and the capacity expansion of power plant 3 would be conducted at the 
beginning of period 3 with the expanded capacity option 1 of 10   105 kW (i.e., 331( )opt
 = [1, 1]).  
The solutions for the improvement strategies of the desulfurization facilities were quite different again, 
depending on the changing conditions of environmental standards and power-generation capacity. For 
power plant 1, the binary decision variable for desulfurization facility improvement in period 1 was [0, 1] 
under two scenarios. This indicated that the desulfurization facilities would require enhancement at the 
beginning of period 1 in the pessimistic scenario, at the upper level of the maximum allowable sulfur 
dioxide emissions, but not in the optimistic scenario, at the lower level of the maximum allowable sulfur 
dioxide emissions. Based on the improvement schemes in period 1, the desulfurization facilities of power 
plant 1 in period 2, would be improved under the optimistic situation and not be redundant constructed 
under the pessimistic situation (i.e., the lower-bound (1) means an improvement under lower 
concentration level of the maximum allowable sulfur dioxide emissions, and the upper-bound (0) means 
no improvement under upper concentration level of the maximum allowable sulfur dioxide emissions). 
However the model predicts that desulfurization facility improvement schemes for power plants 2 and 3 
would be required at the start of period 2 in all five scenarios (i.e. 22optZ
 = [0, 1] and 32optZ
 = [0, 1] 
respectively). This implies that the desulfurization facilities would require improvements in both 
pessimistic and optimistic scenarios. The improvement strategies for power plants 2 and 3 were different 
to power plant 1, which was mainly a reflection of the higher average combustible sulfur content of the 
combined coal flow for power plant 1 relative to the coal flows to plants 2 and 3 during period 1. This 
difference was sufficient to cause the emissions from power plant 1 to exceed the maximum allowable 
concentration of sulfur dioxide emissions required in the pessimistic scenario of period 1, although not in 
the optimistic one. However the changes in maximum allowable concentrations of SO2 emissions from 
800 mg/m3 to 400 mg/m3 in period 2 would require improvements in the desulfurization facilities for all 
three power plants irrespective of a pessimistic or optimistic scenario.   
Table 5. Binary variable solutions for CO2 mitigation facilities expansion, power generation capacity expansion and desulfurization 
facility improvement 
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Symbol Power plant Period Option Expanded capacity Solution 
The optimal binary variable solutions for CO2 mitigation facility expansion (ton/year) 
211( )optY
  2 1 1 2000000 [1, 0] 
212( )optY
  2 1 2 2500000 [0, 1] 
331( )optY
  3 3 1 1300000 [1, 0] 
332( )optY
  3 3 2 2000000 [0, 1] 
The optimal binary variable solutions for power generation capacity expansion (kW) 
121( )opt
  1 2 1 600000 [1, 1] 
211( )opt
  2 1 1 900000 [1, 1] 
331( )opt
  3 3 1 1000000 [1, 1] 
The optimal binary variable solutions for desulfurization facility improvement  
11( )optZ
  1 1   [0, 1] 
12( )optZ
  1 2   [1, 0] 
22( )optZ
  2 2   [1, 1] 
32( )optZ
  3 2   [1, 1] 
Table 6. Continuous variable solutions for the optimized coal flows and ecological restoration areas treated by different measures  
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Symbol Mine Power plant Period Amount of coal (ton/day) 
111( )optX
  1 1 1 2823.04 
112( )optX
  1 1 2 3688.21 
113( )optX
  1 1 3 [3688.26, 4632.29] 
121( )optX
  1 2 1 3445.05 
122( )optX
  1 2 2 3426.67 
123( )optX
  1 2 3 3426.67 
131( )optX
  1 3 1 7079.29 
132( )optX
  1 3 2 7033.85 
133( )optX
  1 3 3 [9803.08, 9941.05] 
211( )optX
  2 1 1 1411.52 
212( )optX
  2 1 2 1844.10 
213( )optX
  2 1 3 1844.13 
221( )optX
  2 2 1 1722.52 
222( )optX
  2 2 2 1713.33 
223( )optX
  2 2 3 1713.33 
231( )optX
  2 3 1 [3539.65, 3555.98] 
232( )optX
  2 3 2 3516.92 
233( )optX
  2 3 3 4901.54 
311( )optX
  3 1 1 [19.09, 712.53] 
312( )optX
  3 1 2 [1659.69, 2819.69] 
313( )optX
  3 1 3 [1659.62, 1875.58] 
321( )optX
  3 2 1 [1550.27, 2633.68] 
322( )optX
  3 2 2 [1542.00, 2608.55] 
323( )optX
  3 2 3 [1542.00, 2608.55] 
331( )optX
  3 3 1 [3185.68, 5232.84] 
332( )optX
  3 3 2 [3165.23, 5197.23] 
333( )optX
  3 3 3 [4411.38, 7105.42] 
Symbol Mine Period Measure 
Ecological restoration area 
(102 m2/year) 
111( )optD
  1 1 1 [0, 630.00] 
112( )optD
  1 1 2 [0, 773.78] 
121( )optD
  1 2 1 [206.91, 850.00] 
122( )optD
  1 2 2 [0, 850.76] 
131( )optD
  1 3 1 [1000.00, 1070.00] 
132( )optD
  1 3 2 [529.96, 4440.41] 
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211( )optD
  2 1 1 0 
212( )optD
  2 1 2 0 
221( )optD
  2 2 1 [300.00, 310.00] 
222( )optD
  2 2 2 [15.64, 550.28] 
231( )optD
  2 3 1 [500.00, 515.00] 
232( )optD
  2 3 2 [622.72, 1289.93] 
311( )optD
  3 1 1 0 
312( )optD
  3 1 2 0 
321( )optD
  3 2 1 0 
322( )optD
  3 2 2 0 
331( )optD
  3 3 1 [659.71, 1280.00] 
332( )optD
  3 3 2 [0, 10921.77] 
System costs ( )optf
 (RMB 1011) [2.37, 2.85] 
 
The solutions for optimized coal flows from the mines to the power plants for the entire planning 
horizon, under five scenarios are displayed in Table 6. The model predicts that coal-mine 1 would play 
the most important role in coal-supply to all three power plants over the entire planning period, while the 
next important was coal-mine 2 and finally coal-mine 3. For example, if power plant 1 is considered, the 
optimized coal flow from mine 1 would, be 2823.04, 3688.21 and [3688.26, 4632.29] tons/day, 
respectively for periods 1-3. While, the optimized amounts of coal allocated from mine 2 were predicted 
to be 1411.52, 1844.10 and 1844.13 tons/day over the three periods and the optimized amount of coal 
from mine 3 would be [19.09, 712.53], [1659.69, 2819.69] and [1659.62, 1875.58] tons/day. The reason 
the model identifies mine 1 as the most important results from its advantageous average production cost 
compared to other two coal mines, even though its average transportation cost was not the lowest. 
Conversely mine 2 and 3 are predicted to be less important as a result of their high average production 
cost, in spite of their low transportation cost. However given a different scenario of expansion schemes 
and changing power generation capacity, the situation alters over the three planning periods. For example 
if power plant 3 is considered the optimized allocation of coal from mine 1 would vary slightly over 
periods 1 and 2, and then increase greatly in period 3 (7079.29, 7033.85, and [9803.08, 9941.05] tons/day 
in periods 1, 2 and 3). On the other hand, the coal flow from mine 2 would change gradually over the 
planning horizon, being [3539.65, 5555.98], 3516.92 and 4901.54 tons/day for period 1-3 respectively. 
And the optimized allocation of coal from mine 3 would change to [3185.68, 5232.84], [3165.23, 5197.23] 
and [4411.38, 7105.42] tons/day for period 1-3 respectively. The model also implies that the changes in 
coal flows from different mines are interrelated. This reflects the different attributes of each mine with 
regard to different property parameters, and different production and transportation costs which must be 
combined to maintain the overall coal supply of the system Therefore to balance the variations of coal 
from different mines, the adjustments for coal flows from three mines must be synchronized to achieve 
the optimal coal allocation pattern. 
Table 6 also shows the optimal solutions for the different ecological restoration measures available for 
the three coal mines in the system. These strategies were required to address the waste lands and 
deteriorated eco-environment produced by mine exploration. Two options for restoration methods were 
considered either reclamation to cultivated land and reclamation to forest land were factored into the 
model. The detailed results of the predicted ecological restoration were as follows. For power plant 1, the 
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restoration area reclaimed into cultivated land would be [0, 630], [206.91, 850.00] and [1000, 1070] × 102 
m2/year in three periods respectively; correspondingly, the area restored to forest land would be [0, 
773.78], [0, 850.76] and [529.96, 4440.41] × 102 m2/year over the planning horizon. For power plant 2, 
the optimal restoration areas facilitated by measures 1(agricultural land) and 2 (forestry) would be 0 in 
period 1, [300, 310] and [15.64, 550.28] × 102 m2/year in period 2, [500, 515] and [622.72, 1289.93] × 
102 m2/year in period 3, respectively. However, for power plant 3, no restoration would be required in 
periods 1 and 2, then restoration areas of [659.71, 1280.00] × 102 m2/year by measure 1 and [0, 10921.77] 
× 102 m2/year would be required in period 3. These results indicate that the ecological restoration areas 
for all power plants would rise over the planning periods from 1 to 3, reflecting the negative ecological 
impacts of coal mine exploration that would be intensify with the increasing power generation demand.  
Since the cost of reclamation to cultivated land is lower than that for forests, restoration by reclamation to 
cultivated land is preferentially adopted by the system. Only when the restoration areas exceed the 
limitation of cultivated land, would some waste-land be reclaimed to forest instead. 
The resulting system costs optf
  from the ICCPM/ERPM model was[2.38, 2.87] × 1011 RMB over the 
entire planning horizon. As the actual values of the variables and/or parameters changed within their 
boundaries, the expected system costs would change correspondingly between optf
  and optf
  with 
different reliability levels. Various forms of uncertainties in terms of intervals and probability have been 
successfully incorporated into the ICCPM/ERPM model. Some of the solutions for decision variables are 
intervals, while others remain deterministic values. For example, the optimized coal flow from mine 1 to 
power plant 3 in the three periods were predicted to be 7079.29, 7033.85 and [9803.08, 9941.05] tons/day, 
respectively and the optimal amounts of coal allocated from mine 3 to power plant 3 were [3185.68, 
5232.84], [3165.23, 5197.23] and [4411.38, 7105.42] tons/day, for periods 1-3 respectively. Most of the 
solutions were presented as intervals, which would facilitate the consideration of uncertainties during the 
decision-making process. Other solutions remained as deterministic values, which might not respond 
sensitively to the input uncertainties, implying they would reach their maximum allowable levels or 
induce the unfavorable situation due to their high costs in this system-cost minimizing plan. Based on the 
interval solutions, multiple decision alternatives can be generated. Therefore, uncertain information can 
be effectively used by decision makers to adjust strategies and analyze tradeoffs between the economic 
cost and system reliability. When a pessimistic policy is adopted, a scheme corresponding to the upper 
bound of the objective value would be appropriate; however, when an optimistic strategy is adopted, a 
scheme corresponding to the lower objective value would be more suitable. 
Overall, the solutions generated by this application of the ICCPM/PMER model indicate that it not 
only effectively facilitates the planning of energy allocation for coupled coal and power system, but can 
also formulate pollutants mitigation and waste-land restoration options even within a situation with 
multiple uncertainties. A variety of coal-allocated, pollutants mitigation and ecological restoration 
policies associated with various socio-economic effects and the environmental implications can be 
analyzed within the interval solutions, while the allocation patterns of coal resources, pollutants 
mitigation strategies and ecological restoration schemes within the system can be adjusted by the results 
obtained over the planning horizon. Meanwhile, a robust reflection of the system complexities and 
uncertainties is also possible, as well as a dynamic analysis of power generation and CO2 mitigation 
capacity expansion, sustainable production, desulfurization facilities improvement, coal inventory 
planning, and coal blending can all be facilitated by this model. 
4. Conclusion 
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In this paper, an ICCPM/PMER model was developed for a CCPM under uncertain conditions. By 
integrating mixed-integer programming and interval linear programming methods into a general 
optimization framework, the system complexities originated from a number of sectors/processes could be 
successfully reflected and dual uncertainties, expressed as interval values, could be effectively resolved. 
The model developed not only allows the investigation of various pollutant mitigation and ecological 
restoration policies, but also generates optimal solutions based on an overall consideration of all of the 
complications and uncertainties within the system. Moreover, a dynamic analysis of capacity expansion, 
facility improvement, sustainable production, coal inventory planning, as well as coal blending within a 
multi-period and multi-option context is facilitated by this model. Interval solutions associated with 
different risk levels of constraint violations can be obtained, which can be used for generating decision 
alternatives. 
The ICCPM/PMER model was applied to a semi-hypothetical case in north China to aid the planning 
of a long-term CCPM system. The results of the analysis produced vital data to examine the optimal coal-
flow allocation patterns, pollutants mitigation strategies and ecological restoration schemes for the CCPM 
system to support regional eco-environmental sustainability in north China. The results generated were 
also helpful for decision makers to enhance economic and ecological sustainability under various social-
economic, environmental and system-reliability constraints with the highest system reliability and the 
lowest environment impact. The model also  provided considerable insight into various aspects of waste-
land restoration issues at coal mine site and pollutants control at power plants under a given ecological 
and sustainability targets. Tradeoffs between system costs, energy security, ecological restoration, as well 
as CO2 and SO2 emission reduction could also be analyzed, which can be helpful for investigating the 
interactive relationships between the economic, ecological, environmental and energy security targets 
within a given study system. 
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